Abstract: Faecal samples from 162 wild animals were collected from 32 distinct sites of Łęczyńsko-Włodawskie Lakeland (eastern Poland). The presence of Giardia duodenalis (Stiles, 1902) was assessed by a Direct Fluorescence Assay (DFA) and by Polymerase Chain Reaction (PCR) and sequencing of a fragment of the beta-giardin gene. DFA showed the presence of cysts of G. duodenalis in 12 of 162 faecal samples (7%), namely in four wild boars (15%), four foxes (19%), two roe deer (4%), and two wolves (29%). PCR identified 34 of the 162 (21%) samples as positive, including 11 wild boars (41%), five red deer (18%), 11 roe deer (23%), four moose (17%), two wolves (29%) and a single sample from the European badger. Thus, PCR detected a significantly higher number of infection than DFA (P = 0.0005). However, 14 of 34 PCR products could not be sequenced because of their insufficient amount; the low number of cysts, poor conservation of the faeces or presence of PCR inhibitors may have contributed to weak DNA amplification. Sequence analysis of the remaining 20 products showed the presence of assemblage B in wild boars, red deer and roe deer, whereas samples from wolves were identified as assemblage D. This is the first detection of assemblage B in wild boars and deer. As assemblage B has zoonotic potential, wild animals from eastern Poland may act as reservoirs of cysts of G. duodenalis infectious for humans.
Giardia duodenalis (Stiles, 1902 ) (syns. Giardia intestinalis Kulda et Nohýnková, 1996 , Giardia lamblia Kofoid et Christiansen, 1915 is an important causative agent of diarrhea in humans and in many species of animals, including livestock, pets and wildlife (Feng and Xiao 2011) . The life cycle of this parasite includes only two stages: the infective cyst and the trophozoite. Transmission can be direct, through the faecal-oral route, or indirect, through ingestion of contaminated water and food (Adam 2001) . In humans, symptomatic infection presents with diarrhea, greasy stools, flatulence and abdominal cramps, but a high number of cases are asymptomatic. Infection in young children has been associated with poor cognitive function and stunted growth (Berkman et al. 2002) .
Direct microscopic examination of faecal smears from fresh or concentrated samples (either unstained or after Giemsa or Lugol's iodine staining) is still widely used to detect cysts in faeces. These methods are relatively simple and inexpensive, but require an experienced microscopist for correct interpretation. The gold standard in diagnostics of Giardia spp. is the Direct Fluorescence Assay (DFA). DFA utilises fluorescent-labelled antibodies directed against cyst wall antigens to stain of G. duodenalis, allowing their identification using an epifluorescence microscope. Many commercial DFA kits are available and are more sensitive than conventional staining techniques (Veronesi et al. 2010) . Enzyme immunoassay and rapid immune-chromatographic cartridge assays also are available, but may generate false positive or false negative results in cases of chronic or mild infection (Hanson and Cartwright 2001, Weitzel et. al. 2006 ). Molecular assays, e.g. Polymerase Chain Reaction (PCR), show high sensitivity and specificity and have the advantage that they allow identification of species of Giardia or their assemblages (Read et al. 2004 ). It must be remembered, however, that many matrices, including faeces, contain PCR inhibitors (Schrader et al. 2012) .
Eight assemblages of G. duodenalis (A-H) have been identified, of which two (A and B) infect humans and other mammals, whereas assemblages C-H appear to be strictly host-specific (Ryan and Cacciò 2013) . No morphological variation has been observed among isolates belonging to different assemblages and thus their identification requires the use of molecular methods.
There are numerous reports of the occurrence of assemblages A and B in both domesticated (livestock, dogs and cats) and wild animals (non-human primates, beavers, marsupials, rodents). This suggests the potential for zoonotic transmission. However, only a few studies in endemic countries have shown a role of dogs or cattle in the transmission of giardiasis to humans (Traub et al. 2004 , Khan et al. 2011 .
To our knowledge, data on the prevalence of infection with G. duodenalis among wildlife in central and eastern Europe are very scarce and are often based on microscopical or serological investigations without the use of molecular techniques (Bajer 2008) . Therefore, the aim of the present study was to estimate the prevalence of G. duodenalis among selected species of wild animals from eastern Poland (Łęczyńsko-Włodawskie Lakeland), and to characterise isolates found molecularly. One gram of faeces was mixed with 8 ml of a 25% Percoll solution and filtered through a plastic sieve into a beaker. The suspension was poured into a 15 ml conical centrifuge tube and centrifuged at 1 600 g for 5 min. According to the volume of sediment obtained, threefold volumes of saturated NaNO 3 were added to the sediment, which was then mixed and centrifuged at 1 000 g for 10 min. Then, 200 µl were removed from the top layer, placed in a new 15 ml conical centrifuge tube and washed by centrifugation (1 100 g × 10 min) in 13 ml redistilled water. The sediment was stored at 4 °C until further analysis (Stojecki et al. 2014) .
MATERIALS AND METHODS
DFA was performed using a commercial kit (Aqua-Glo™, Waterborne Inc., New Orleans, USA) according to the manufacturer' instructions. The concentrated sediment (25 µl) obtained by the isolation procedure described above, was examined under an epifluorescence microscope at 400× magnification. Cysts of Giardia duodenalis were identified based on their size, shape and structure according to the guidelines described in method 1623 (US Environmental Protection Agency Method 1623). Positive and negative controls were included. The entire slide was observed to estimate the number of cysts present.
Two hundred microlitres of concentrated sediment were used for DNA extraction. After seven cycles of freezing and thawing (liquid nitrogen followed by heating at 65 °C), DNA was extracted using the QIAamp® DNA Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions, except for an overnight incubation with proteinase K. The extracted DNA was stored at -20 °C until PCR assay. PCR amplification of a 384 bp fragment of the beta-giardin (bg) gene was performed according to a published procedure (Cacciò et al. 2002) , with minor modifications. Each reaction mixture (50 μl) contained 10 pmol of each primer, 0.2 mM of each dNTP (Fermentas, Vilnius, Lithuania), 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 2 mM MgCl 2 , 1.5 U of Taq DNA polymerase (Qiagen GmbH) and 1-2 µl of DNA. Amplification was performed using a TProfessional 48 thermal cycler (Biometra GmbH, Göttingen, Germany) as follows: an initial cycle at 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s, 65 °C for 30 s, and 72 °C for 60 s. Final extension was done at 72 °C for 7 min. Each semi-nested PCR product was analysed by gel electrophoresis (1.5% agarose gel stained with ethidium bromide). Negative and positive controls were included in each PCR reaction.
PCR products were purified by spin column (QIAquick purification kit, Qiagen GmbH), and sequenced on both strands using the BIGDYE Cycle Sequencing Kit (Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions. Chromatograms were examined using BioEdit (http://www.mbio. ncsu.edu/BioEdit/). Nucleotide sequences were compared with those available in the GenBank database using BLAST (http:// www.ncbi.nlm.nih.gov/blast/).
Selected nucleotide sequences have been deposited in the GenBank database under the accession numbers: KF736103-KF736113.
Differences between the frequency of the detection of cysts of G. duodenalis by microscopy and PCR were assessed by Student's t-test using STATISTICA v. 5.1 package (Statsoft, Tulsa, OK, USA).
RESULTS
Cysts of Giardia duodenalis were detected in 12 of 162 faecal samples (i.e. in 7%). Positive specimens were from wild boars (4 of 27, 15%), foxes (4 of 21, 19%), roe deer (2 of 48, 4%) and wolves (2 of 7, 29%). The number of cysts in these samples was small (less than ten cysts), except for samples derived from wolves, in which a dozens of cysts were observed. Faecal samples from red deer, moose, European hares, otter, European badger, weasel and marten were negative.
Amplification of a 384 bp fragment of the bg gene was obtained from 34 of the 162 (21%) samples. Therefore, a significantly higher number of positive samples were detected using PCR than DFA (P = 0.0005). Positive samples were from wild boars (11 of 27, 41%), red deer (5 of 28, 18%), roe deer (11 of 48, 23%), wolves (2 of 7, 29%), moose (4 of 23, 17%) and the single sample from a European badger. Samples from foxes were PCR negative.
Of the 34 PCR positive samples, 20 (59%) were successfully sequenced, whereas the remaining 14 samples yielded products that were insufficient for DNA sequencing. The results of DFA and molecular analysis are summarised in Table 1 .
Sequence analysis identified the samples derived from wild boars, red deer and roe deer as assemblage B. The most common sequence was found in samples from four roe deer, two red deer and two wild boars, and was identical to the reference sequence LD18 (GenBank accession number AY072726), a representative of sub-assemblage BIII. The remaining seven different bg sequence types showed one-or two-single nucleotide polymorphisms from LD18, and were found in single samples from three wild boars (three different sequence types), three roe deer (three different sequence types) and one red deer (one sequence). The widespread distribution of assemblage B in the Łęczyńsko-Włodawskie Lakeland is indicated by the presence of an identical bg sequence in samples collected from distinct sampling sites.
Two samples from wolves were classified as assemblage D and were identical to that from a dog (AY545647). The two samples from wolves were collected at the same sampling site, from the same pack of wolves.
DISCUSSION
Giardiasis is a public health problem in Poland. During 2004-2008, the average number of cases per year was close to 3 000, as reported by the National Institute of Public Health -National Institute of Hygiene (NIPH-NIH 2014) (Wojtyniak et al. 2012 ). In the Lubelskie region, which comprises the Łęczyńsko-Włodawskie Lake District, the average number of cases of giardiasis per year was 237 in the same period. It is likely that the prevalence of Giardia duodenalis is strongly underestimated as only severe cases are properly diagnosed. It is also worth mentioning that about two thirds of the patients with giardiasis needed hospitalisation (NIPH-NIH 2004 -2014 . So far, little is known about transmission routes of giardiasis in Poland. Many studies have documented the occurrence of species of Giardia in the environment (Adamska 2015) and in domestic and wild animals , Bajer 2008 ), but only a few have included a molecular characterisation of the parasite.
Here we provided new data about the occurrence of G. duodenalis among wild animals in the Łęczyńsko-Włodawskie Lakeland of Poland. This region is an example of a rural area rich in watercourses and swamps, thus representing an environment suitable for the spread of the parasite. There are numerous lakes, surrounded by peat bog and forest. The area is protected as nature reserves, sites within national park and ecological lands. Moreover, it is an extremely popular touristic destination (Chmiel 2009, Krukowska and Krukowski 2009) and humans are potential contributors to environmental contamination and spread of pathogens.
Using a DFA assay, 12 (7%) samples were positive for G. duodenalis, whereas 34 (21%) samples were positive by PCR; this difference was statistically significant. It should be recalled, however, that faeces were processed to isolate cysts of G. duodenalis prior to DFA or PCR, and that samples containing very few and/or damaged cysts could have been classified as negative. Therefore, the prevalence data reported here should be considered with caution. DFA detected cysts of G. duodenalis in wild boars, foxes, roe deer and wolves, whereas PCR was positive for samples from wild boars, red deer, moose, roe deer, wolves and European badger. The number of cysts was generally quite low (less than ten cysts per slide); this may reflect an asymptomatic infection or carriage of G. duodenalis, which occurs frequently among animals (Rimhanen-Finne et al. 2007 ).
The overall prevalence in wild boars was 41%, which is higher than values (0-1.7%) reported in other studies (Paziewska et al. 2007 , Beck et al. 2011 , Castro-Hermida et al. 2011 . We identified assemblage B in wild boars for the first time. While this assemblage has been detected in swine (Farzan et al. 2011) , only assemblage A was identified in a wild boar from Croatia (Beck et al. 2011) .
The estimated prevalence of G. duodenalis in red deer and roe deer was 18% and 23%, respectively. Epidemiological studies in Poland have shown a similar prevalence (Paziewska et al. 2007 , Solarczyk 2009 ). Worldwide, the prevalence among wild cervids ranges between 1 and 24%, with no obvious correlation with the different deer species examined (Rickard et al. 1999 , Beck et al. 2011 . So far, only assemblage A has been found among cervid species; therefore this study is the first to report the presence of assemblage B in these hosts.
Few investigations have focused on the occurrence of G. duodenalis in red foxes. In Norway, Hamnes et al. (2007) detected cysts of G. duodenalis in 13 of 269 red foxes (5%), and identified both assemblages A and B. A recent study in Croatia also reported a similar prevalence, 5% (Beck et al. 2011 ). In our study, DFA showed the presence of cysts in four samples from foxes, but PCR failed to detect DNA of G. duodenalis. However, DNA degradation in these samples was suggested by the lack of staining of the nuclei, which can explain the negative PCR results. In the samples derived from moose and from a European badger, PCR gave positive results whereas DFA was negative. Unfortunately, weak amplification prevented the possibility to characterise these samples at the DNA level. So far, assemblage A has been described in the moose (Hamnes et al. 2006) , whereas no information is available on G. duodenalis in European badgers.
Our study is one of the few that characterised G. duodenalis from wolves at the molecular level. Previous studies based on microscopy showed a prevalence of 46% (Kloch et al. 2005 ) and 20% ) in wolves from Poland. In our study, we observed a lower prevalence, but a smaller number of animals were tested. The molecular analysis identified assemblage D in two wolves. In a study conducted in Croatia, multi-locus genotyping showed mixed infection of wolves with assemblages A and D (Beck et al. 2011) .
Samples from European hares, otter, weasel and marten were negative for G. duodenalis. The presence of assemblage A has been reported previously in ferrets (Mustela putorius furo Linnaeus) in Japan (Abe et al. 2010 ).
The present study has some limitations. First, stool samples were collected directly from the environment and, albeit sampling sites were several kilometers apart from each other, we cannot exclude that some of the samples may originate from the same animal. Second, the limited number and poor conservation status of cysts in most samples hampered a more detailed molecular characterisation of parasites found, which was limited to a single marker. Since mixed infections and/or discordant assignment to assemblages have been reported in isolates from wild animals and their detection requires the use of multiple markers (Beck et al. 2011) , the zoonotic potential inferred in this study must be confirmed by larger surveys.
Finally, the question of how wild animals were infected with G. duodenalis assemblage B remains open. As mentioned above, Łęczyńsko-Włodawskie Lakeland of Poland is an important touristic destination and thus an area of intense human activities. The possibility of 'reverse zoonotic', i.e. that human contamination was the source of infection for animals (Khan et al. 2011) , and the impact humans may have on wildlife health should be considered in future studies.
